The role of anisotropic rotation for electron spin resonance lineshape and nuclear magnetic relaxation dispersion proles for paramagnetic molecules with electron spin quantum number S ≥ 1 is discussed. The ESR spectra and nuclear magnetic relaxation dispersion proles are calculated by means of an approach based on the stochastic Liouville equation and referred to in the literature as Swedish slow motion theory. This description is valid for arbitrary motional conditions and interaction strengths. Molecular tumbling inuences the ESR spectra by modulating zero eld splitting interactions. The nuclear spin relaxation is aected by the rotational motion in a twofold way: via the electron spin dynamics and as a direct source of modulations of the electron-nuclear dipoledipole interactions. For coinciding principal axes systems of the permanent (residual, static) zero eld splitting and rotational tensors the ESR lineshape is not aected by rotational anisotropy. Rotational anisotropy is important for nuclear relaxation as it is inuenced by molecular rotation not only via the electron spin dynamics, but also directly by modulations of the electron spinnuclear spin dipoledipole interaction (when the dipoledipole and zero eld splitting frames do not coincide). The anisotropy eects depend strongly on the relative orientation of the dipoledipole and permanent zero eld splitting axes. Nevertheless, a dierent scenario is also possible. When the diusion axis coincides with the dipoledipole axis (but not with the principal axis system of the permanent zero eld splitting), the nuclear spin relaxation as well as the ESR lineshape, become sensitive to the rotational anisotropy. The possible dependence of the ESR lineshape and nuclear spin relaxation on the rotational anisotropy should be carefully considered when attempting a joint analysis of ESR and nuclear magnetic relaxation dispersion results for paramagnetic molecules.
In the case of transition metal ions, a hierarchy of interactions is relevant as far as the electron and nuclear spin dynamics is concerned. Due to strong zero eld splitting (ZFS) interactions present when the electron spin quantum number S ≥ 1, the ESR spectra are not affected by the presence of neighboring nuclei. In turn, the electron spin dynamics has a profound eect on the nuclear spin relaxation due to the large magnetic moment of the electron spin (about 650 times larger than the one of protons). A key example is here the eect of paramagnetic relaxation enhancement (PRE) for transition metal complexes (contrast agents) in solution (typically water) [1, 2] . The PRE eect can be monitored by measuring the 1 H spinlattice relaxation time (rate) of the solvent protons versus magnetic eld (frequency). The frequency
dependence of the spinlattice relaxation rate is referred to as the nuclear magnetic relaxation dispersion (NMRD) prole [1, 2] . It can now be routinely measured due to the availability of commercial fast eld cycling spectrometers [3] from, e.g., STELAR. for the electron spin due to strong ZFS interactions and relatively long rotational correlation times. In fact, the electron spin relaxation can be described by means of perturbation theory only for small molecules in non-viscous solvents. Such systems are of limited interest from the perspective of contemporary applications. Therefore a general theory of the nuclear spin relaxation (PRE), valid beyond the perturbation limit, has been proposed. This treatment is referred in the literature as Swedish slow motion theory [6, 7] . Typically it is used under several simplifying assumptions: the molecular tumbling is treated as isotropic, it is assumed that the ZFS interaction is of axial symmetry and the principal axis of the permanent (static) part of the ZFS tensor coincides with the electron spinnuclear spin dipoledipole (DD) axis.
It is useful to distinguish a contribution to the ZFS that remains after long-time averaging. Such a contribution is called the permanent ZFS. It is analogous to residual dipoledipole interactions for anisotropic systems.
The eects of ZFS rhombicity and non-coinciding axes have been discussed [7, 911] . It has been found that the rhombicity of the permanent ZFS has dierent eects for integer and half-integer spins due to the Kramers degeneracy for the second case.
Generally, the nuclear spinlattice relaxation rate (PRE) is reduced in the low eld range and this eect is more pronounced for integer spins. However, it also strongly depends on the motional regime (the time scale of the rotational motion). For non-coinciding principal axis systems of the permanent ZFS and the DD axis the nuclear spinlattice relaxation rate is also reduced in the low eld range.
Predictions of the slow motion theory have been compared with other treatments of PRE going beyond the range of validity of the perturbation approach [12] . The result of this comparison conrms the validity of the theoretical treatment discussed here. It has also been extended to include relative translational motion of the electron and nuclear spin (outer-sphere PRE) [13] . Recently, the slow motion theory has been adopted to ESR lineshape analysis [14] and used for a joint analysis of multifrequency ESR spectra and NMRD for selected Gd 3+ complexes [14] . The sensitivity of ESR spectra for such systems to the anisotropy of molecular tumbling has been discussed elsewhere [15, 16] . The eect of anisotropic molecular tumbling on the nuclear spinlattice relaxation for S = 1 has been discussed in [11] . It has been pointed out that the rotational anisotropy can inuence the relaxation proles only when the principal axes of the permanent ZFS and DD interactions do not coincide.
In this work we explicitly demonstrate the independence of the ESR lineshape from the rotational anisotropy, in the systems under study, and discuss its inuence on nuclear spin relaxation for high electron spin quantum numbers (in analogy to the case of S = 1 [11] ).
It is important to keep in mind the sensitivity of NMRD to the anisotropic tumbling in joint analysis of ESR and NMRD data [14] (even though the ESR spectra remain unaected). In addition we show examples of ESR spectra for S = 3 (as an example of integer spin quantum numbers) and show the role of ZFS rhombicity; until now the slow motion theory has been applied to obtain ESR spectra only for S = 7/2 [14, 22] .
The paper is organized as follows. In Sect. 2 the slow motion theory for NMRD and ESR for S ≥ 1 is outlined. Its extension to anisotropic tumbling is described.
In Sect. 3 the eect of anisotropic rotation on ESR and NMRD is discussed, while Sect. 4 contains concluding remarks.
NMRD and ESR beyond the perturbation limit
As already explained in Introduction the most important contribution to relaxation processes in paramagnetic systems is due to strong anisotropic ZFS interactions combined with relatively slow molecular tumbling, which prevents a description of the electron spin dynamics by means of well established perturbation theories of relaxation. This implies the necessity of a much more complex approach based on the stochastic Liouville equation.
This approach has been described in detail in many papers (for instance [5, 714, 22] 
The permanent part, H S ZFS , is time independent in a molecule-xed frame. However, the principal axis sys- The concept of applying the stochastic Liouville equation lies in forming an (in principle) innite basis set {|O i )} constructed from the relevant degrees of freedom of the system in this case distortion (|ABC)), rotation (|LKM )) and spin (|Σσ)) variables: |O i ) = |ABC) ⊗ |LKM ) ⊗ |Σσ) [4, 6, 8, 14, 22] .
In this paper we shall not go into the details of the mathematical formulation, they are described elsewhere 
, where D R is the rotational diusion coecient related to the rotational correlation time, τ R , via τ R = 1/(6D R ). In the present paper we shall consider anisotropic rotational motion for axially symmetric molecules. Then Eq. (2) has to be replaced it is given by a 3×3 block of the inverted matrix [2, 810, 14, 22] . Besides the ZFS parameters and the rotational and distortional correlation times the nuclear spin relaxation depends on the inter-spin distance, I − S (if the exchange processes are neglected), but it plays only the role of a scaling factor. This statement implicitly assumes that the I − S DD axis coincides with the principal axis of the static ZFS. If this is not the case the relative orientation of the two frames has to be introduced into the description of the nuclear spin relaxation [7, 911] . In the next section we discuss the eects of anisotropic rotation on ESR spectra and 1 H NMRD proles in combination with non-coinciding DD and static ZFS tensors in the context of a unied analysis of both kinds of data.
ESR and NMRD for anisotropic rotation
The eects of the static ZFS interaction modulated by the rotational dynamics are most pronounced for low--frequency ESR spectra. We begin the discussion with X-band spectra assuming a magnetic eld of 0.34 T with axially symmetric ZFS coupling for S = 3 (for instance Mn 3+ ions). It has generally been assumed that the principal axes systems of the diusion and static ZFS tensors coincide (as shown in Fig. 1 ). In spin DD coupling and its indirect eect on the DD interaction, one expects that the anisotropic motion considerably inuences NMRD proles through the direct eect.
As noted in Introduction this has already been discussed for the case of S = 1 in [6] pointing out that the rotational anisotropy becomes relevant when the (DD) and (D R∥ ) axes do not coincide (angles θ, φ in Fig. 1 ). In analogy to the ZFS, the dipoledipole interaction cannot be aected by the motion around an axis coinciding with the DD axis.
In Fig. 4ad We wish to stress that the scenario described in this paper where rotational anisotropy does not aect the ESR spectra whereas it can aect NMRD proles is only one possibility. One can imagine a situation when the (DD) and (D R∥ ) axes coincide, whereas (P S ) and (D R∥ ) do not (their relative orientation is described by θ, φ). When this situation obtains, the ZFS interactions become sensitive to the motional anisotropy (they will be aected by rotation around the perpendicular as well as parallel axes because now they will deviate from the principal axes system of the static ZFS) and, in this way, will inuence the ESR lineshape. In addition, the nuclear spin relaxation will become aected by the dierent electron spin dynamics. At the same time the motional anisotropy will not be directly sensed by the DD interaction anymore.
Joint analysis of ESR and NMRD data does not only increase the validity of the dynamical and interaction parameters obtained via such analysis, it also provides support for the motional models used in the analysis. Since ESR spectra and NMRD data can be aected to a dierent extent by the rotational anisotropy, one should take this account when looking for the best agreement with ESR and NMRD for paramagnetic molecules.
Conclusions
The inuence of anisotropic molecular tumbling on 
